13
C) data suggest that (i) Madagascar's hippopotamuses consumed a 'high proportion of C 4 plants' (i.e. grasses) [8] and (ii) its giant tortoises had diverse diets [9] . We were motivated to write this comment for three reasons. First, Crowley et al. [8] never claimed that Madagascar's hippopotamuses ate a 'high proportion of C 4 plants'. We did note that subfossil hippos, tenrecs, carnivorans and the endemic rodent Hypogeomys australis had higher d 13 C values than subfossil primates (except Hadropithecus [10] ), but we never defended a high proportion of C 4 plants in the diets of any of these animals. Second, Vorontsova et al. [2] omitted important published isotope data on hippos and tortoises from Madagascar [8, 11, 12] . Third, we believe that the literature would benefit from greater discussion of these data. C 4 grasses (including those measured in Madagascar [11] ) typically have d
C values between 211 and 214‰, while C 3 plants have much lower values, averaging between 226.5 and 231.5‰ for different Madagascan forests [13] . Assuming an offset of þ5‰ between herbivore bone collagen and plant diet (reviewed in [14] ), pure C 4 consumers should have d
C values more than 29‰, those with pure C 3 diets should have d
C values less than 221.5‰, and those that consumed a relatively even mixture of C 3 and C 4 plants should have values of 214 to 218‰. Thus, herbivores with values between 218 and 221.5‰ likely consumed more C 3 than C 4 plants.
Carbon isotope values for herbivores should approximate the relative abundance of C 4 grasses in a particular habitat provided that those herbivores are adapted to eating grasses and other C 4 plants, and that grazers are not selective in the grasses they consume. Clearly, d
13 C values for some vertebrates, such as ratites (which tend to select small fruits) and lemurs (which tend to browse on C 3 fruit & 2016 The Author(s) Published by the Royal Society. All rights reserved.
and leaves), make poor proxies for C 4 plant abundance, but d 13 C values for grazers like hippos and tortoises should be appropriate. In Africa, the common hippo (Hippopotamus amphibius) feeds predominantly on grasses, and the pygmy hippo (Choeropsis liberiensis) consumes a mixture of terrestrial plants including grasses [15] [16] [17] . Tortoises are also important grazers that consume both C 3 and C 4 plants [18] . In large numbers, they function effectively as lawn mowers, making grasses less vulnerable to natural fires by keeping them short (e.g. [19] ).
We expect that Madagascan hippos and tortoises living in dry forests or wooded savannahs would have consumed bulk foliage in the understorey, including herbaceous terrestrial and aquatic vegetation as well as C 3 (i.e. shade-loving) grasses. If C 4 grasslands were widespread in pre-contact Madagascar, there is good reason to expect that they would have been attractive to hippos and tortoises, and C 4 grass consumption should be reflected in the d tortoise (Aldabrachelys) species from Madagascar [7, [9] [10] [11] [12] (doi:10.5061/dryad.68s67). We subtracted 1.2‰ from each value to correct for differences in atmospheric CO 2 before and after the industrial revolution [20] , allowing direct comparison of subfossil animal and modern plant values. All subfossil data presented below have been corrected. We present results for hippos and tortoises by site rather than by species because we are interested in reconstructing palaeohabitats, and because not all species attributions are secure. The d
C data for hippos suggest dedicated C 3 plant consumption at Anjohibe, Antsirabe and Ampoza, and a C 3 -dominated diet at Ankilibehandry, Taolambiby and Mananjary ( figure 1) . Ironically, the sites with the greatest C 3 plant consumption by hippos (Anjohibe in the northwest and Antsirabe in the Central Highlands) are in exactly those regions now blanketed by C 4 savannah. The most recent radiocarbon dates for hippos at Anjohibe are 2635 and 2940 calendar years before present (Cal BP), and their d 13 C values are 222.2 and 222.4‰, respectively, indicating a C 3 diet. Uranium-thorium dating of the speleothems from Anjohibe has demonstrated a transformation from a C 3 -to a C 4 -dominated landscape between 890 and approximately 1000 CE [5] , which postdates the decline of hippos in the northwest [12] . The timing for grassland expansion in the Central Highlands is less constrained [21] , but the youngest hippos at Antsirabe (1075 and 1150 Cal BP) have d
C values that indicate pure C 3 plant consumption (226.7 and 226.2‰, respectively) even at these late dates. There is no temporal trend in d Burney et al. [7] published two d
C values (28.0 and 28.7‰) for a single 'Mananjary' hippopotamus that suggest pure C 4 grass consumption, but the specimen is a skull of an H. amphibius from continental Africa [22] that was apparently sent to Madagascar for comparative research. Two dates for this specimen are very recent (130 and 155 Cal BP [7] ), lending credence to this inference. The only isotope datum for an actual Mananjary hippo derives from an older specimen (2250 Cal BP) whose d 13 C value (218.4‰ [7] ) is more consistent with values for hippos from elsewhere on the island ( figure 1) .
Overall, tortoises have slightly higher d . Almost all tortoise dates fall well before the landscape transformation documented in speleothem records [5] from the northwest.
In conclusion, there exists strong evidence that Madagascar's pygmy hippopotamuses and giant tortoises consumed primarily C 3 plants. We must consider the possibility that the grassy biomes that characterize so much of Madagascar today are young, and that 'old-growth', pre-contact grasslands were small in extent and maintained largely by natural fire with limited megafaunal assistance [23, 24] . While Madagascar's grasses may be ancient, its vast grassy biomes could be products of recent anthropogenic disturbance. Vorontsova et al. [2] showed that some of Madagascar's endemic grasses cannot tolerate grazing and trampling by introduced ungulates, and they concluded that the grasses evolved under less intensive disturbance than exists today. This is entirely consistent with our observation that not a single Madagascan megafaunal species can be called a committed C 4 grazer on the basis of stable isotope data collected to date.
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